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Abstract.	   We	   present	   an	   X-­‐band	   waveguide	  
(WR90)	   and	   UHF	   waveguide	   (WR1500)	  
measurement	  method	   that	   permits	   the	   extraction	  
of	   the	   complex	   permittivity	   for	   low	   dielectric	   loss	  
tangent	  material	  specimen.	  The	  extraction	  method	  
relies	   on	   computational	   electromagnetic	   (CEM)	  
simulations;	   coupled	   with	   a	   genetic	   algorithm;	   to	  
fit	   the	   experimental	   measurement	   and	   the	  
simulated	  transmitted	  scattering	  parameter	  (S21)	  of	  
the	   TE10	   mode	   through	   the	   waveguide	   with	   the	  
material	  specimen	  partially	  filling	  the	  cross-­‐section.	  
This	  technique	  provides	  the	  material	  measurement	  
community	   with	   the	   ability	   to	   accurately	   extract	  
material	  properties	  of	  low-­‐loss	  material	  specimen.	  
Introduction.	  	  
Waveguide	   measurement	   techniques	   have	   been	  
successfully	  implemented	  for	  the	  extraction	  of	  the	  
complex	   permittivity	   (ε(ω)*=ε(ω)’-­‐jε(ω)”)	   of	  
dielectric	   material	   specimen	   for	   nearly	   seven-­‐
decades	  [1-­‐7].	  However,	  more	  recently,	  there	  have	  
been	   significant	   advances	   due	   to	   computational	  
electromagnetic	   (CEM)	   simulation	   tools	   and	  
global/local	   search	   algorithms	   [8,9].	   The	   use	   of	  
these	   computational	   tools	   has	   relaxed	   the	  
geometrical	   restrictions,	   which	   allows	   for	   the	  
characterization	   of	   complicated	   shapes	   of	   the	  
specimen	   [9].	   However,	   the	   most	   accurate	  
methods	   of	   extracting	   the	   material	   properties	   of	  
low	   loss	   dielectrics,	   at	   microwave	   frequencies,	  
have	   been	   resonance	   methods	   [10-­‐12].	  
Unfortunately,	   these	   resonant	   methods	   are	  
inherently	   restricted	   to	   spot	   frequencies,	   if	   the	  
extraction	   relies	   on	   perturbation	   theory	   and	   are	  
difficult	   to	   model	   using	   CEM	   tools.	   Also,	   the	  
presence	   of	   air	   gaps	   can	   be	   detrimental	   to	   the	  
system	   accuracy.	   The	   method	   presented	   in	   this	  
article	   enables	   broadband	   permittivity	  
characterization	   of	   low	   dielectric	   loss	   tangent	  
(tanδ)	  material	   specimen.	  Material	   properties	   are	  
extracted	   through	   CEM-­‐based	   analysis	   of	   the	  
transmitted	   scattering	   parameters	   of	   an	   X-­‐band	  
and	  UHF	  waveguide	  with	  an	  effectively	  electrically	  
long	   material	   specimen	   partially	   filling	   the	   cross-­‐
section	  of	  the	  waveguide.	  This	  is	  achieved	  by	  using	  
electrically	   long	   specimen	   for	   the	   X-­‐band	  
waveguide	   and	   by	   multiple	   traverses	   through	   an	  
electrically	   small	   specimen	   in	   the	  UHF	  waveguide,	  
effectively	   increases	   the	   length,	   as	   illustrated	   in	  
Figure	   1.	   Inserting	   iris	   plates	   into	   the	   UHF	  
waveguide	   and	   establishing	   an	   intermediate	  
quality	   factor	   resonance	   generate	   the	   multiple	  
paths	  through	  the	  sample.	  	  
	  
Figure	   1:	  Measurement	   systems	   for	   accurate	   low-­‐loss	  
tangent	   characterization	   for	   two	   different	   frequency	  
regimes	   (a)	   low	   frequencies	   such	  as	  UHF	  and	   (b)	  high	  
frequencies	  such	  as	  X-­‐band.	  
In	   general,	   complex	   permittivity	   extraction	  
algorithm	   implements	   a	   finite	   element	   method	  
(FEM)	   model	   that	   solves	   frequency-­‐by-­‐frequency	  
the	   desired	   scattering	   parameters.	   Simulated	   s-­‐
parameters	   are	   then	   evaluated	   by	   a	   fitness	  
function,	  which	  compares	  the	  simulated	  results	  to	  
the	   experimentally	   obtained	   results.	   The	   result	   of	  
the	   fitness	   function,	   in	   turn,	   drives	   a	   genetic	  
	  	   Journal  Paper	  
	   GTRI	  Proprietary	   Page	  2	  of	  3	  
algorithm	   that	   varies	   the	   complex	   permittivity	  
values	  in	  the	  search	  space	  to	  match	  the	  simulated	  
and	   experimental	   scattering	   parameters.	   This	  
evaluation	   is	   performed	   over	   a	   range	   of	  
frequencies,	   permitting	   the	   complex	   permittivity	  
extraction	   over	   the	   entire	   band	   of	   interest.	   This	  
method	   allows	   for	   the	   extraction	   of	   dispersive	  
properties	   of	   the	  material	   specimen,	  which	   is	   not	  
possible	  with	  high	  quality	  resonant	  methods.	  
Technical	  Approach.	  	  
These	   two	   primary	   methods	   can	   have	  
advantageous	  depending	  on	  the	  frequency	  regime.	  
In	  the	  case	  for	  high	  frequencies,	  such	  as	  X-­‐band,	  a	  
rectangular	   waveguide	   approach	   can	   be	   taken	  
since	   the	   physical	   dimensions	   required	   to	   obtain	  
an	   electrically	   long	   sample	   is	   not	   difficult	   (on	   the	  
order	  of	  a	  few	  inches),	  as	  illustrated	  in	  Figure	  2.	  
	  
Figure	  2:	  Experimental	  measurement	  system	  (top	  row)	  
and	   model-­‐measurement	   plots	   of	   the	   transmitted	  
scattering	   parameter	   for	   amplitude	   (bottom	   left)	   and	  
phase	  (bottom	  right).	  
The	   electrically	   long	   sample	   placed	   within	   the	  
rectangular	   waveguide	   can	   support	   an	  
intermediate-­‐quality	   (iQ)	   factor	   resonance	   due	   to	  
reflections	  between	  the	  front	  and	  back	  interface	  of	  
the	  dielectric	  specimen.	  
This	   resonance	   can	   potentially	   lead	   to	   higher	  
sensitivity	   to	   low	   loss	   tangent	   materials.	   In	   the	  
case	   of	   low	   frequency	   characterization,	   it	   is	  
difficult	  to	  obtain	   large	  volumes	  of	  the	  material	   in	  
order	   to	   create	   an	   electrically	   long	   specimen;	  
however,	   establishing	   an	   iQ	   factor	   within	   the	  
waveguide	  can	  circumvent	  these	  issues.	  Placing	  iris	  
plates	   in	   the	   rectangular	   waveguide	   will	   support	  
multiple	  passes	  of	   the	  electromagnetic	  wave	  with	  
the	  electrically	  small	  sample,	  in	  turn,	  increasing	  the	  
interaction	   and	   potentially	   enhancing	   the	  
sensitivity	  of	   the	  measurement.	  The	  quality	   factor	  
of	  these	  resonances	  can	  be	  tuned	  by	  adjusting	  the	  
dimensions	   of	   the	   iris	   plates	   within	   the	   UHF	  
waveguide,	  as	  shown	  in	  Figure	  3.	  
	  	  	  	  	  	   	  
Figure	   3:	   Transmitted	   scattering	   parameter	   for	  
amplitude	   from	   the	   UHF	   waveguide	   with	   iris	   plates	  
tuned	  with	  the	  different	  fractions	  of	  the	  aspect	  ratio	  of	  
the	  waveguides	  cross-­‐section.	  
Technical	  Results.	  	  
A	   new	   paradigm	   has	   emerged	   for	   measuring	   low	  
loss	   material	   specimens	   as	   the	   result	   of	  
investigating	   such	   iQ	   measurement	   techniques.	  
These	  iQ	  techniques	  have	  illustrated,	  at	  the	  proof-­‐
of-­‐concept	   level,	   that	   we	   can	   potentially	   have	  
accurate	   broadband	   low	   loss	   tangent	  
measurements.	   It	   has	   been	   shown	   that	   the	  
sensitivity	  of	  the	  X-­‐band	  waveguide	  measurements	  
can	  be	  enhanced	  by	  increasing	  the	  electrical	  length	  
of	  the	  sample.	  And	  likewise,	   increasing	  the	  quality	  
factor	  of	  the	  resonance	  within	  the	  UHF	  waveguide	  
can	   enhance	   the	   field	   interaction	   with	   the	  
electrically	   small	   sample.	   We	   demonstrate	   the	  
ability	   to	   tune	   the	   quality	   factor	   of	   the	   resonator	  
by	  adjusting	  the	  iris	  plate	  dimension.	  This	  gives	  rise	  
to	   an	   interplay	   between	   sensitivity	   enhancement	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and	  computational	  difficulty	  as	  the	  quality	  factor	  is	  
increased;	   however,	   optimizing	   this	   tradeoff	   goes	  
beyond	  the	  scope	  of	  this	  work.	  
A	   series	   of	   simulations	   were	   performed	   on	   two	  
different	  software	  platforms	  in	  order	  to	  have	  code-­‐
code	   validation	   for	   the	   UHF	   waveguide	  
measurement	   system,	   and	   these	   were	   also	  
validated	  against	  experimental	  results,	  as	  shown	  in	  
Figure	  4.	  
	  	  	  	  	  	  
	  
Figure	  4:	  Electric	  field	  maps	  within	  an	  empty	  cavity	  and	  
a	   cavity	  with	   an	   electrically	   small	   specimen	   placed	   in	  
the	   center.	   Two	   sets	   of	   scattering	   parameters	   for	  
phase	   and	   amplitude	   of	   S21	   for	   the	   case	   of	   model-­‐
model-­‐measurement	   agreement	   for	   an	   empty	   cavity	  
and	   model-­‐measurement	   for	   a	   cavity	   with	   an	  
electrically	  small	  specimen.	  
Conclusions.	  	  
We	   illustrated,	   at	   the	   proof-­‐of-­‐concept	   level,	  
measurement	   systems	   for	   low-­‐loss	   dielectric	  
material	  characterization	  for	  2	  separate	  frequency	  
regimes	   rooted	   in	   intermediate-­‐quality-­‐factor	  
resonances.	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